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57 ABSTRACT

The invention relates to a method for producing a graphene
sheet on a platinum silicide, wherein the platinum silicide is
in the form of a layer or a plurality of pins.

This method comprises:

a) producing a stack by (i) depositing a layer C1 of a
diffusion barrier material on a substrate; (ii) depositing,
on the layer C1, alayer C2 of a carbon-containing mate-
rial, wherein said carbon-containing material optionally
comprises silicon; (iii) depositing, on the layer C2, a
layer C3 of platinum; (iv) depositing a layer C4 of a
material of formula Si C,H_ on the layer C3 if the car-
bon-containing material of the layer C2 is free from
silicon; and

b) heat-treating the stack obtained at step a).

It also relates to structures obtained using this method and the
uses of these structures.

Applications: manufacture of micro- and nanoelectronic
devices, micro- and nanoelectromechanical devices, etc.

11 Claims, 2 Drawing Sheets
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1
METHOD FOR PRODUCING A GRAPHENE
SHEET ON A PLATINUM SILICIDE,
STRUCTURES OBTAINED USING SAID
METHOD AND USES THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of French Application
No. 11 60126 filed Nov. 7, 2011, which is hereby expressly
incorporated by reference in its entirety.

FIELD OF THE INVENTION

The invention relates to the field of manufacturing
graphene sheets.

More specifically, the invention relates to a method for
producing a mono- or multilayer graphene sheet on a plati-
num silicide, having the formula Pt Si, wherein the platinum
silicide is in the form of a layer or a plurality of spaced pin.

It also relates to the structures obtained using this method
and the use of these structures.

These structures are suitable for use as is in any technical
field wherein the manufacture of electronic and electric con-
tacts is sought, particularly in the fields of micro- and nano-
electronics and micro- and nanoelectromechanics, for
example for manufacturing microelectromechanical or nano-
electromechanical systems, commonly referred to as MEMS
and NEMS.

BACKGROUND

Graphene is a two-dimensional carbon crystal, with a hex-
agonal honeycombed structure.

This crystal has very surprising properties, making the
material very popular with many public and private laborato-
ries at the present time.

Indeed, firstly, graphene displays exceptional electron
mobility at ambient temperature, of up to 20 m?*/(V-s). By
way of comparison, the electron mobility of indium anti-
monide InSb is, at ambient temperature, two and a half times
lower, that of silicon is thirteen times lower, whereas that of
silver is two thousand five hundred times lower.

Furthermore, graphene is transparent since the thickness
thereof, which is that of a carbon atom, is in the region of 1
Angstrom (0.1 nm). Moreover, it offers a combination of light
weight, high chemical stability and high mechanical strength
(typically two hundred times greater than that of steel).

The prior art includes a number of techniques for produc-
ing graphene sheets such as micromechanical graphite crystal
exfoliation, electrochemical reduction of graphene oxide,
opening carbon nanotubes, catalytic growth of graphene on a
metal substrate or silicon carbide sublimation.

Of these techniques, catalytic growth of graphene on a
metal layer appears to be one of the most promising processes
for producing graphene on an industrial scale and enabling
the integration thereof in micro- or nanoelectro-mechanical
or other devices, meeting industrial specifications.

Indeed, using this technique, it has been possible to pro-
duce graphene samples of high crystalline quality, character-
ized by monocrystalline ranges over several hundreds on
microns and by a unique crystallographic orientation on a
macroscopic scale. Graphene samples with centimetric sur-
face areas have even been obtained, which is not the case of
the other techniques for manufacturing graphene available to
date.
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In the initial version thereof, the catalytic growth of
graphene on a metal layer is based on the exposure of a layer
of'a metal, for example nickel, copper or iridium, heated to a
high temperature, i.e. approximately 1000° C., to gas-phase
carbon species. Depending on the solubility of carbon in the
metal forming the metal layer and the capacity thereof to
diffuse in the metal, the formation of a graphene sheet with
one or a plurality of graphene layers is obtained on the metal
layer.

In this way, monolayer and bilayer graphene sheets on a
nickel layer (Reina et al., Nano Res 2009, 2, 509-516, [1]),
and monolayer graphene sheets on a copper layer (Li et al.,
Science 2009, 47, 2026-2031, [2]) and on a platinum monoc-
rystal (Sutter et al., Phys. Rev. B 2009, 80, 245411, [3]) have
been obtained.

The metal layer may then be removed by etching and the
graphene separated from the layer transferred to another
layer.

More recently, Hofrichter et al. (Nano Lett. 2010, 10(1),
36-42, [4]) demonstrates that it is possible to product
“polygraphene”, i.e. a graphene sheet comprising areas with
a single graphene layer and areas with a few graphene layers,
ona nickel layer no longer using gas-phase carbon species but
a solid carbon source, in this instance, a layer of amorphous
silicon carbide.

Moreover, the benefit of thin layers of platinum silicides is
known.

The semiconductor properties of these silicides are rou-
tinely used in the fields of radio-astronomy and electronics,
particular for creating contact zones between silicon and one
or a plurality of stacked metal layers, enhancing ohmic con-
tacts in MOS (Metal Oxide Semiconductors) and CMOS
(Complementary Metal Oxide Semiconductors) technolo-
gies, and producing Schottky diodes. The importance of plati-
num silicides in designing infrared detectors and heat cam-
eras for medical imaging or implementing nano-lithographic
methods should be noted.

As such, it is clear that it would be advantageous to have
structures comprising a graphene sheet on a thin layer of
platinum silicide, in order to combine the qualities of
graphene with those of this type of silicide.

It would appear that, to the inventor’s knowledge, no prior
art document describes the synthesis of a graphene sheet on a
platinum silicide. However, a process for producing a mono-
layer graphene sheet on a nickel silicide was recently
described in the literature (Juang et al., Carborn 2009, 47,
2026-2031, [5]).

Inthis reference, the layer of silicon carbide is deposited on
a silicon substrate, and coated with the nickel layer and the
structure formed undergoes a heat treatment enabling the
carbon to dissolve in the nickel, thus forming a layer of nickel
silicide, situated at the interface of the layers of silicon car-
bide and nickel. The formation of the silicon carbide layer
competes with a carbon migration phenomenon toward the
surface of the nickel layer, the whole helping produce, by
catalytic growth, a graphene sheet on the surface.

Inprinciple, this method does not appear to be applicable to
the synthesis of a graphene sheet on a platinum silicide, since
it is based on the solubility and diffusion properties of carbon
in the metal and, in this case, carbon is very slightly soluble in
platinum.

The inventor thus set out to achieve the general aim of
providing a method for producing a graphene sheet on a
platinum silicide.

The inventor also set out to achieve the aim of the method
making it possible to obtain a multilayer graphene sheet or
monolayer graphene sheet.
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Moreover, the inventor also set out to achieve the aim of
enabling the synthesis on a platinum silicide in the form of
spaced blocks or on a platinum silicide in the form of a layer
and, in the latter case, giving rise to a graphene sheet wherein
the surface, i.e. the area, is merely limited by the dimensions
of'the platinum silicide layer, regardless of the dimensions of
the layer.

Finally, the inventor set out to achieve the aim of obtaining
rapid synthesis, merely requiring moderate heat treatments.

DESCRIPTION OF THE INVENTION

These aims and others are achieved by means of the inven-
tion providing, firstly, a method for producing a graphene
sheet on a platinum silicide, having the formula Pt Si,
wherein X is a number greater than or equal to two, wherein
the method is characterized in that it comprises:

a) producing a stack by:

1) depositing a layer C1 of a diffusion barrier material on a

substrate;

i) depositing, on the layer C1, a layer C2 of a carbon-
containing material, wherein said carbon-containing
material optionally comprises silicon;

iii) depositing, on the layer C2, a layer C3 of platinum;

iv) if the carbon-containing material of the layer C2 is free
from silicon, depositing, on the layer C3, a layer C4 of a
material having the formula Si,C,H_ wherein a is a
strictly positive number, whereas b and ¢, which are
identical or different, are positive numbers or zero; and

b) heat-treating the stack obtained following step a),

and in that the ratio of the number of platinum atoms found
in the layer C3, with respect to the number of silicon atoms
found in the layer C2 or the layer C4 is greater than or equal
to two.

In this way, according to the invention, the synthesis of the
graphene sheet is based on catalytic growth of the graphene
from a solid carbon-containing source, the inventor having
observed that, contrary to all expectation and preconceived
ideas, it is possible to grow graphene on a silicide of a metal
wherein carbon is slightly or very slightly soluble, such as
platinum.

Furthermore, the inventor observed that, by adjusting the
conditions for implementing steps a) and b) mentioned above,
it is possible to obtain a multilayer or monolayer graphene
sheet, over:

either a layer of platinum silicide;

or a plurality of spaced blocks of platinum silicide;

in extremely short times, typically less than ten minutes,
and using temperatures not exceeding 900° C.

In this way, according to the invention, the platinum sili-
cide may be in the form of a layer or in the form of a plurality
of spaced blocks.

As mentioned above, the method firstly comprises a step a)
for preparing a stack successively comprising a substrate, a
layer C1 of a diffusion barrier material, a layer C2 of a
carbon-containing material suitable for comprising silicon, a
layer C3 of platinum and, ifthe carbon-containing material of
the layer C2 is free from silicon, a layer C4 of a material
Si,C,H..

The substrate may be of different types but should have a
melting point greater than the temperature at which the heat
treatment in step b) is performed.

Typically, it consists of a silicon substrate, in view of the
high melting point of silicon (1414° C. at atmospheric pres-
sure), the availability and low cost of this type of substrate.
However, it may also consist of a germanium or quartz sub-
strate.
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The function of the layer C1 of diffusion barrier material is
that of preventing the carbon found in the layer C2 from
diffusing toward the substrate and, conversely, preventing the
constituent material of the substrate from diffusing to the
layer C2.
The diffusion barrier material may particularly be chosen
from oxides such as silicon dioxide SiO,, or from nitrides
such as tantalum nitride TaN and titanium nitride TiN.
Advantageously, the diffusion barrier material is silicon
dioxide as this substance makes it possible to obtain surfaces
free from any roughness. The silicon dioxide is deposited in
the form of a layer, preferentially by means of chemical vapor
deposition (CVD), as this technique is particularly suitable
for controlling the quality of the layer C1 obtained.
The function of the layer C2 of carbon-containing material
is that of providing the carbon species which are the basis for
the growth of the graphene sheet.
According to the invention, the carbon-containing material
should be suitable for decomposition at the temperature cho-
sen for the heat treatment in step b), i.e. at a temperature
generally between 200° C. and 900° C., so as to release the
carbon contained therein.
In this way, the carbon-containing material may particu-
larly be chosen from amorphous carbon-containing materials
which are free from silicon and, in particular, from amor-
phous carbon, hydrogenated amorphous carbon a-C:H, amor-
phous exclusively hydrocarbonated polymers such as satu-
rated hydrocarbons (paraffin), polyolefins, particularly
chosen from polyethylenes, polypropylenes, polybutylenes,
polybutadienes, polystyrenes, synthetic polyisoprenes, natu-
ral rubber, isoprene-iso-butylene copolymers (also referred to
as butyl rubbers), ethylene-butylene-diene (or EPDM)
copolymers, styrene-isoprene-styrene (or SIS) sequenced
copolymers, styrene-ethylene-butylene-styrene (or SEBS)
sequenced copolymers, and mixtures thereof.
In an alternative embodiment, the carbon-containing mate-
rial may also be chosen from amorphous carbon-containing
materials comprising silicon, in which case it is preferable,
for reasons explained hereinafter, for the material to have a
proportion by mass of silicon greater than or equal to 20% of
the total mass of the material. More advantageously, this
proportion by mass is greater than or equal to 40% of'the total
mass of the material.
Typically, an amorphous carbon-containing material com-
prising silicon meeting these criteria is a hydrogenated amor-
phous silicon carbide having the formula a-Si,Cp:H, wherein
a and (3, which are identical or different, are strictly positive
numbers.
Depending on the nature of the carbon-containing mate-
rial, the material may be deposited in the form of a layer using
techniques such as:
chemical vapor deposition (or CVD), in all the forms
thereof: atmospheric pressure CVD (or APCVD), low-
pressure CVD (or LPCVD), ultra-high vacuum CVD (or
UHVCVD), aerosol-assisted CVD (or AACVD), direct
liquid injection CVD (or DLICVD), rapid thermal CVD
(or RTCVD), initiated CVD (or i-CVD), atomic layer
CVD (or ALCVD), hot wire CVD (or HWCVD),
plasma-enhanced CVD (or PECVD), remote plasma-
enhanced CVD (or RPECVD), microwave plasma CVD
(or MWPCVD), etc.;

physical vapor deposition (or PVD), in all the forms
thereof: cathode sputtering PVD (e.g., magnetron, tri-
ode, high-power impulse magnetron), vacuum evapora-
tion PVD, ion beam sputtering (or IBS) PVD, arc PVD,
e.g. cathodic arc PVD, pulsed laser deposition (or PLD),
etc.;
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hybrid physical-chemical vapor deposition (or HPCVD);

sol-gel process deposition, more specifically by means ofa

liquid process, spin coating, roll coating or dip coating.

According to the invention, the layer C2 is, preferably, a
layer of hydrogenated amorphous carbon or a hydrogenated
amorphous silicon carbide having the formula a-Si,Cy:H
wherein o and § are both equal to 1, preferentially deposited
by means of plasma-enhanced chemical vapor deposition (or
PECVD), wherein the pressure used is subatmospheric, while
being greater than 1075 Pa.

The function of the layer C3 of platinum is that of cata-
lyzing the growth of the graphene sheet, via the formation of
a layer of platinum silicide, described hereinafter.

So as to obtain a perfectly continuous layer C3, the layer is
preferably deposited by means of any of the chemical or
physical vapor deposition techniques mentioned above.

However, the preferred technique is physical vapor depo-
sition (or PVD), since this technique is suitable for promoting
the creation of columnar structures in the layer C3.

These structures, remaining in the platinum silicide layer
after the formation thereof, enable the migration of carbon,
which is released by the layer C2 during step b), to the surface
of the platinum silicide, and, therefore, the formation of the
graphene sheet.

Moreover, the deposition of the layer C3 is performed at a
temperature ranging from 10° C. to 35° C., preferably from
20° C. to 30° C., and more preferentially, at a temperature of
(25«1)° C.

The method according to the invention comprising the
additional deposition, on the layer of platinum, of a layer C4
of'a material having the formula Si,C, H_ wherein the values
a, b and c are as defined above, the additional deposition only
being carried out if the carbon-containing material deposited
in sub-step ii) is free from silicon.

Advantageously, the layer C4 in a layer of hydrogenated
amorphous silicon a-Si:H, deposited by means of plasma-
enhanced chemical vapor deposition (or PECVD), wherein
the pressure used is subatmospheric, while being greater than
107° Pa.

Moreover, the method according to the invention com-
prises a step b) wherein the stack obtained following step a)
undergoes a heat treatment.

The heat treatment is performed in a number of aims.

Firstly, the heat treatment enables the formation of a layer
of platinum silicide, at the interface of the layer of platinum
and the layer of material comprising silicon, regardless of
whether the material was deposited in sub-step ii) or in sub-
step iv) of the method according to the invention. This layer of
platinum silicide may particularly be characterized by pro-
ducing an X-ray diffraction image, from which those skilled
in the art can readily deduce the stoichiometry with which
platinum is found in Pt Si.

Secondly, the heat treatment enables the decomposition of
the carbon-containing material into carbon species, the dif-
fusion whereof through the layer of platinum silicide is facili-
tated by the existence, on a microscopic scale, of columnar
structures which are retained after the formation of the layer
of platinum silicide, as mentioned above.

Moreover, the heat treatment enables the catalytic reaction
suitable for resulting in the formation of the graphene sheet.
Indeed, after diffusion of the carbon species through the layer
of platinum silicide, these species are located on the entire
surface of the layer which is opposite that in contact with the
layer C1. In this case, graphene nuclei are formed on the
surface (nucleation phenomenon), and expand and eventually
join and form, by coalescence, a continuous graphene sheet.
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Finally, the heat treatment helps, in conjunction with the
temperature at which the layer C3 is deposited, keep the layer
of'platinum silicide in the form of a layer or induce, by means
of a dewetting phenomenon, the conversion of the layer of
platinum silicide into a plurality of spaced blocks.

Various parameters have an effect on the diffusion of the
carbon species through the layer of platinum silicide and,
consequently, on the properties of the graphene sheet pro-
duced.

In this way, in order to produce a platinum silicide having
the formula Pt Si, wherein x is a number greater than or equal
to two, it will be important that those skilled in the art choose
the appropriate thicknesses of the layers C2, C3 and option-
ally C4 deposited, or the proportion by mass of silicon in the
layer C2 or the layer C4.

For example, if the amorphous carbon-containing material
used in sub-step ii) comprises silicon, in a proportion greater
than or equal to 20% of the total mass of the material, the
inventor demonstrated, following the heat treatment, the
majority formation of a layer of Pt Si, wherein x is a number
greater than or equal to two. In this case, the inventor
observed very rapid diffusion of the carbon species from the
solid carbon-containing material through the layer of'silicide.

In addition, the inventor noted an amplification of this
diffusion rate for a proportion greater than or equal to 40% of
the total mass of the material.

Moreover, the temperatures for the deposition of layers C2,
C3 and, if applicable, C4 and the heat treatment are also
important. In this way, as described hereinafter in the two
embodiments of the method according to the invention, the
heat treatment is carried out at sufficiently high temperature
to enable the formation of a platinum silicide, the decompo-
sition of the carbon-containing material of the layer C2, and,
finally, the catalytic reaction giving rise to the formation of
the graphene sheet, while being below the temperature at
which at least one of the other constituents of the stack is
liable to be degraded.

According to a first embodiment, the heat treatment is
carried out at a temperature ranging from 700° C. to 900° C.,
preferably from 750° C. to 850° C., and more preferentially at
a temperature of (800+5)° C.

Under these conditions, the heat treatment would appear to
induce, firstly, the formation of a layer of platinum silicide.
After diffusion of the carbon species from the carbon-con-
taining material of the layer C2 through the layer of silicide,
the graphene sheet is formed on the surface of the layer of
silicide.

Following the formation of the graphene sheet, and at such
temperatures, a dewetting phenomenon of the layer of plati-
num silicide would appear to take place.

This phenomenon, promoted by the low-temperature
deposition of the layer of platinum, typically at a temperature
ranging from 10° C.to 35° C. as explained above, consists of
removing the layer platinum silicide situated below the
graphene sheet, simultaneously at several points in the layer.
This removal is carried out without any material loss.

Following the heat treatment, a graphene sheet provided,
on one of the surfaces thereof, with a plurality of pins of
platinum silicide at intervals is obtained.

In addition, the arrangement of the graphene sheet with
respect to the underlying layers of the new stack obtained
following step b), i.e. the layers of substrate, diffusion barrier
material and platinum silicide, may be modified and adjusted
according to the intended uses of the graphene sheet.

In this way, for example, the layer C1 of diffusion barrier
material may be structured, after the deposition thereof,
according to a predetermined pattern on all or part of the
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thickness thereof, whereby the dewetting of the layer of plati-
num silicide is performed according to the pattern. In this
case, it is particularly possible, by adjusting the thickness of
the layer C3 of platinum, to obtain, following the heat treat-
ment, a graphene sheet locally in contact with the layer C1.

According to a second embodiment, the heat treatment
comprises:

a first heat treatment carried out at a temperature ranging

from 250° C. to 350° C.; and followed by

a second heat treatment carried out at a temperature rang-
ing from 750° C. to 850° C.

The moderate temperature conditions involved in the first
heat treatment give rise to the formation of a layer of platinum
silicide, wherein the carbon species of the carbon-containing
material do not undergo any degradation.

In this way, following this first heat treatment, a layer of
platinum silicide Pt Si is formed, covering the layer of car-
bon-containing material deposited in sub-step ii) of the
method according to the invention.

The higher temperature conditions involved in the second
heat treatment enable the diffusion of the carbon species from
the carbon-containing material through the layer of platinum
silicide, on the surface whereof the species take part in the
formation of the graphene sheet, by means of the nucleation
phenomenon mentioned above.

Moreover, regardless of the embodiment of the method
according to the invention in question, the heat treatment is
preferably carried out in a neutral atmosphere, i.e. neither
oxidizing nor reducing, chosen for example from argon,
helium, dinitrogen and mixtures thereof.

In this way, the method according to the invention enables,
following steps a) and b), the formation of a graphene sheet on
a platinum silicide, suitable for testing by Raman spectros-
copy, particularly checking the appearance of the two char-
acteristic peaks of graphene, the G peak at 1580 cm™" and the
2D peak at 2700 cm™'. The ratio of the intensity of the 2D
peak, referenced 1,,,, with respect to that of the G peak,
referenced I, is suitable for evaluating the number of layers
of graphene comprised in the graphene sheet produced (see,
for example, Reina et al., Nano Lett. 2009, 9(1), 30-35, [6]).

The invention also relates to a structure comprising, in the
following order:

a substrate;

alayer C1 of a diffusion barrier material;

a platinum silicide having the formula Pt Si, where x is a
number greater than or equal to two, wherein the silicide
is in the form of a layer or a plurality of spaced pins; and

a graphene sheet.

In this structure, the preferred features of the substrate, the
diffusion barrier material and the platinum silicide are as
described above in relation to the method.

According to the invention, the graphene sheet may be a
mono- or multilayer sheet, preference being given to a mul-
tilayer sheet, i.e. comprising at least two layers of graphene.

The structure according to the invention is suitable for use
as is, i.e. without undergoing any additional processing, in a
micro- or nanoelectronic device, for example as electrical
contacts, memory points and resistive memories, or in a
micro- or nanoelectromechanical device (MEMS or NEMS).

In an alternative embodiment, the structure according to
the invention is also suitable for use in manufacturing a struc-
ture only formed from the graphene sheet and a platinum
silicide, in the form of a layer or a plurality of spaced pins; in
this case, the use includes the removal, for example by etch-
ing, of the substrate and the layer C1.

As explained in the description of the prior art above, a
structure formed merely of a mono- or multilayer graphene

10

15

20

25

30

35

40

45

50

55

60

65

8

sheet on a platinum silicide, having the formula Pt Si, where
X is a number greater than or equal to two, has never been
produced to date.

In this way, the invention also relates to a structure com-
prising a graphene sheet comprising at least one layer of
graphene, wherein said sheet is provided, on one of the faces
thereof, with a platinum silicide, having the formula Pt _Si,
where X is a number greater than or equal to two, and the
silicide is in the form of a layer or a plurality of spaced pins.

The invention also relates to the use of a structure as
defined above in manufacturing a micro- or nanoelectronic,
or micro- or nanoelectromechanical, device.

Further features and advantages of the invention will
emerge from the additional description hereinafter, relating to
the examples of embodiments of the method according to the
invention, with reference to the appended figures.

Obviously, these examples are merely given as illustrations
of the subject matter of the invention and do not limit the
subject matter in any way.

BRIEF DESCRIPTION OF FIGURES

FIGS. 1A to 1F illustrate schematically a first embodiment
of the method according to the invention.

FIGS. 2A to 2D illustrate schematically a second embodi-
ment of the method according to the invention.

FIG. 3 is an image obtained by means of scanning electron
microscopy (13,000 magnification factor) partially showing a
structure obtained by means of the second embodiment of the
method according to the invention.

For the purposes of clarity, the dimensions of the various
elements shown in FIGS. 1A to 1F, on one hand, and 2A to
2D, on the other hand, are not in proportion with the actual
dimensions thereof.

DETAILED DESCRIPTION OF CERTAIN
ILLUSTRATIVE EMBODIMENTS

Example 1

Synthesis of a Structure Comprising a Graphene
Sheet on a Layer of Platinum Silicide

Reference is made to FIGS. 1A to 1F illustrating, schemati-
cally, a first embodiment of the method according to the
invention, for manufacturing a structure comprising a
graphene sheet on a layer of platinum silicide.

This method comprises:

a) as seen in FIG. 1A, depositing, on a substrate 11, for
example made of silicon, a layer 12 of a diffusion barrier
material, for example a layer of silicon dioxide SiO,; and

b) as seen in FIG. 1B, depositing, on the layer 12 of diffu-
sion barrier material, a layer 13 of a carbon-containing mate-
rial, for example a layer of hydrogenated amorphous carbide
a-C:H; and

c)as seenin FIG. 1C, depositing, on the layer 13 of carbon-
containing material, a layer 14 of platinum; and

d) as seen in FIG. 1D, depositing, on the layer 14 of plati-
num, a layer 16 of a material comprising silicon, for example
a layer of hydrogenated amorphous silicon a-Si:H; and

e) heat-treating the stack formed following steps a) to d),
wherein the heat treatment is carried out in two steps.

This gives rise to the stack illustrated in FIG. 1E which no
longer comprises the layers 14 and 16 but, on the other hand,
comprises a layer 17 of a platinum silicide Pt Si, and the
structure 10 illustrated in FIG. 1F and which no longer com-
prises a layer 13 but, on the other hand, comprises a graphene
sheet 15 over the entire surface of the layer 17 of Pt, Si.
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The steps of this first embodiment of the method according
to the invention are described in detail hereinafter.

On a 200 mm diameter silicon sheet, an approximately 100
nm thick layer of SiO, is deposited by means of CVD, at a
temperature of 1100° C. in an atmosphere consisting of 95%
dinitrogen and 5% dioxygen.

On the layer of SiO, obtained, an approximately 40 nm
thick layer of a-C:H is then deposited by PECVD, using
propene and helium, for example in an Applied Materials
Centura™ 5200 DxZ capacitive coupling reactor, and using
the following operating parameters:

radiofrequency excitation: 13.56 MHz;

working pressure: 2 torrs (266 Pa);

plasma supply power: 200 W;

deposition temperature: 250° C.;

propene stream: 410 cm®/minute;

helium stream: 700 cm®*/minute;

deposition time: 27 seconds.

On this layer of a-C:H, an approximately 100 nm thick
layer of platinum is then deposited by cathode sputtering
PVD, using the following operating parameters:

working pressure: 50 torrs (6.66 kPa);

plasma supply power: 200 W;

deposition temperature: 25° C.;

argon stream: 500 cm>/minute;

deposition time: 1 minute.

Finally, on the layer of platinum obtained, an approxi-
mately 44 nm layer of a-Si:H is then deposited by PECVD,
using silane, dihydrogen and helium, for example in an iden-
tical reactor to that used for the deposition of the layer of
a-C:H, and using the following operating parameters:

radiofrequency excitation: 13.56 MHz;

working pressure: 4 torrs (533 Pa);

plasma supply power: 500 W;

deposition temperature: 350° C.;

silane stream: 490 cm®/minute;

dihydrogen stream: 100 cm>/minute;

helium stream: 500 cm®*/minute;

deposition time: 13 seconds.

Once the deposition has been completed, the whole is
placed for 30 minutes in a chamber heated to 300° C. in an
argon stream at 1000 cm®/minute.

This gives rise to a stack as illustrated schematically in
FIG. 1E comprising, on a silicon sheet 11, a layer 12 of SiO,,
a layer 13 of a-C:H and a layer 17 of platinum silicide Pt Si.

This layer of platinum silicide was characterized. Indeed,
X-ray diffraction imaging displayed the stoichiometry of the
silicide forming the layer 17. It consists of tri-platinum sili-
cide Pt,Si.

The stack is then placed for 15 minutes in a chamber heated
at800° C., for example a tower furnace, in an argon stream at
1000 cm?/minute.

This gives rise to a structure as illustrated schematically in
FIG. 1F and comprising, on a silicon sheet 11, a layer 12 of
Si0,, a layer 17 of Pt;Si and a graphene sheet 15 over the
entire surface of the layer of platinum.

This graphene sheet is one nanometer thick and comprises
three layers of graphene.

fiple 2

Synthesis of a Structure Comprising a Graphene
Sheet on a Plurality of Pins of a Platinum Silicide

Reference is made to FIGS. 2A to 2D illustrating, sche-
matically, a second embodiment of the method according to
the invention, for manufacturing a structure comprising a
graphene sheet on a plurality of pins of platinum silicide.
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This method comprises:

a) as seen in FIG. 2A, depositing, on a substrate 21, for
example made of silicon, a layer 22 of a diffusion barrier
material, for example a layer of silicon dioxide SiO,; and

b) as seen in FIG. 2B, depositing, on the layer 22 of diffu-
sion barrier material, a layer 23 of a carbon-containing mate-
rial comprising silicone, for example a layer of hydrogenated
amorphous silicon carbide a-SiC:H; and

c)as seen in FIG. 2C, depositing, on the layer 23 of carbon-
containing material, a layer 24 of platinum; and

d) heat-treating the stack formed following steps a) to ¢), in
order to obtain the structure 20 illustrated in FIG. 2D which
no longer comprises the layer 23, on the other hand, com-
prises a graphene sheet 25 on a plurality of pins 26 of a
platinum silicide Pt Si, wherein the pins are spaced with
respect to each other.

The steps of this second embodiment of the method
according to the invention are described in detail hereinafter.

A layer of SiO, is deposited on a 200 mm diameter silicon
plate, under the same operating conditions as those described
in Example 1 above.

On the layer of SiO, obtained, an approximately 40 nm
thick layer of a-SiC:H is then deposited by PECVD, using
trimethylsilane, propene and helium, for example in the same
type of reactor to that used in Example 1, and using the
following operating parameters:

radiofrequency excitation: 13.56 MHz;

working pressure: 8.7 torrs (1.16 kPa);

plasma supply power: 550 W;

deposition temperature: 250° C.;

trimethylsilane stream: 150 cm®/minute;

propene stream: 410 cm’/minute;

helium stream: 700 cm®/minute;

deposition time: 7 seconds.

After this, on the layer of a-SiC:H, an approximately 100
nm thick layer of platinum is then deposited by cathode
sputtering PVD, using the following operating parameters:

working pressure: 50 torrs (6.66 kPa);

plasma supply power: 200 W;

deposition temperature: 25° C.;

argon stream: 500 cm®/minute;

deposition time: 1 minute.

Once the deposition has been completed, the whole is
placed for 15 minutes in a chamber heated to 800° C. in an
argon stream at 1000 cm>/minute.

The pins of platinum silicide were characterized. Indeed,
X-ray diffraction imaging displayed the stoichiometry with
which the platinum is found in the platinum silicide forming
the plurality of pins 26. It consists of tri-platinum silicide
Pt,Si.

This gives rise to a structure as illustrated schematically in
FIG. 2D and comprising, on a silicon sheet 21, a layer 22 of
Si0,, a plurality of pins 26 of Pt;Si and a graphene sheet 25
provided, on one of the faces, thereof, with a plurality of pins
26 of Pt,Si, wherein the pins are spaced with respect to each
other.

This graphene sheet is one nanometer thick and comprises
three layers of graphene.

An image of the surface of such a structure, in FI1G. 3, was
produced by means of scanning electron microscopy. This
image makes it possible to observe, via an opening in the
graphene sheet, the geometry and the random, or disordered,
distribution of the pins 26 of Pt,Si arranged on the layer 22 of
Si0,.

The invention is not restricted to the embodiments of the
method according to the invention described above and illus-
trated in the examples.
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In this way, for example, it is possible to perform the
following steps, on stacks such as those described in FIGS. 1E
and 2C:

a) depositing a layer C1' of a diffusion barrier material;

) depositing a layer C2' of a carbon-containing material
on the layer C1', wherein said carbon-containing material
optionally comprises silicon;

v) depositing a layer C3' of platinum on the layer C2'; and

d) optionally, depositing a layer C4' of a material Si,C, H._
onthelayer C3', if the carbon-containing material used in step
P) is free from silicon,

specitying that all the steps o), 3), ) and 9) can be repeated
one or more times;

and heat-treating the new stack formed, in one or two steps,
as described above.

This gives rise to a structure comprising a plurality of
graphene sheets, wherein each of the sheets is situated on a
layer of platinum silicide or on a plurality of spaced pins of
platinum silicide.
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What is claimed is:

1. A method for producing a structure comprising:

a substrate;

a layer C1 of a diffusion barrier material covering the
substrate;

a platinum silicide covering the layer C1, the platinum
silicide being of formula PtxSi where x is a number
greater than or equal to two, and being in a form of a
layer or spaced pins; and

a graphene sheet covering the layer or spaced pins of the
platinum silicide;

the method comprising:

a) producing a stack by:

1) depositing the layer C1 on the substrate;

ii) depositing, on the layer C1, a layer C2 of a carbon-
containing material free from silicon;

iii) depositing, on the layer C2, a layer C3 of platinum;
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iv) depositing, on the layer C3, a layer C4 of a material
of formula Si,C,H_. wherein a is greater than 0
whereas b and ¢, which are identical or different, are
greater than or equal to O, a ratio of a number of
platinum atoms found in the layer C3 with respect to
anumber of silicon atoms found in the layer C4 being
greater than or equal to two; and

b) heat-treating the stack obtained at a) so as to obtain the
structure.
2. The method of claim 1, wherein the diffusion barrier
material is silicon dioxide.

3. The method of claim 1, wherein the carbon-containing
material free from silicon is selected from the group consist-
ing of amorphous carbon-containing materials free from sili-
con.

4. The method of claim 3, wherein the amorphous carbon-
containing material free from silicon is hydrogenated amor-
phous carbon a-C:H.

5. The method of claim 1, wherein the material having the
formula Si,C, H_ is hydrogenated amorphous silicon a-Si:H.

6. The method of claim 1, wherein the layer C2 is deposited
by plasma-enhanced chemical vapor deposition.

7. The method of claim 1, wherein the layer C3 is deposited
by physical vapor deposition, at a temperature ranging from
20° C.t0 30° C.

8. The method of claim 5, wherein the layer of a-Si:H is
deposited by plasma-enhanced chemical vapor deposition.
9. The method of claim 1, wherein the heat treatment is
carried out at a temperature ranging from 750° C. to 850° C.,
in a neutral atmosphere.
10. The method of claim 1, wherein the heat treatment
comprises:
a first heat treatment carried out at a temperature ranging
from 250° C. to 350° C., in a neutral atmosphere; and
a second heat treatment carried out at a temperature rang-
ing from 750° C. to 850° C., in a neutral atmosphere.
11. A method for manufacturing a device selected from the
group consisting of microelectronic, nanoelectronic, micro-
electromechanical and nanoelectromechanical devices, com-
prising the implementation of the method of claim 1 during
production of the device.

#* #* #* #* #*



